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s energy demand continues to increase, so too do anthropogenic carbon emissions and global temperatures. Renewable energy sources such as solar, wind and hydroelectricity displace fossil fuel carbon emissions and continue to progress to wider deployment. However, long-term (seasonal) energy storage remains a challenge that must be addressed for renewables to meet a major fraction of global energy demand 1 . Carbon dioxide electroreduction to renewable fuels and feedstocks provides an energy storage solution to the seasonal variability of renewable energy sources 2 . When coupled with carbon capture technology, the carbon dioxide reduction reaction (CO 2 RR) offers a means to close the carbon cycle.
CO 2 RR electrocatalysts lower energetic barriers to CO 2 reduction by stabilizing intermediates and transition states in the multistep electrochemical reduction process 3 . Copper reduces CO 2 to a wide range of hydrocarbon products such as methane, ethylene, ethanol and propanol 4 . Unfortunately, bulk copper is not selective among various carbon products, and it also suffers Faradaic efficiency (FE) losses to the competing hydrogen evolution reaction.
Among possible products, C2+ hydrocarbons are highly sought in view of their commercial value. Ethylene, for example, is a precursor to the production of polyethylene, a major plastic. Selectively producing ethylene over methane circumvents costly paraffin-olefin separation 5 . Developing catalysts that work at ambient conditions to produce C2 selectively over C1 gaseous products will increase the relevance of renewable feedstocks in the chemical sector.
Oxide-derived copper is one class of catalyst that has shown enhanced CO 2 RR activity and increased selectivity towards multi-carbon products [6] [7] [8] . The selectivity of these catalysts is dependent on structural morphology and copper oxidation state [9] [10] [11] [12] [13] [14] [15] [16] [17] . Electrochemical reduction of copper oxide catalyst films can lead to grain boundaries, undercoordinated sites and roughened surfaces that are hypothesized to be catalytically active sites 8, 18 . Residual oxides, proposed to play a key role in catalysis, may exist after electrochemical reduction 7 . A recent report of oxygen plasma-activated oxide-derived copper catalysts achieved an ethylene FE of 60% at − 0.9 V versus reversible hydrogen electrode (RHE) 9 , with activity attributed to the presence of Cu + species. In situ hard X-ray absorption spectroscopy (hXAS) experiments have suggested stable Cu + species exist at highly negative CO 2 RR potentials of ~− 1.0 versus RHE 9 . However, the presence of Cu + species during CO 2 RR is still the subject of debate; 7, 19 and in situ tracking of the copper oxidation state with time resolution during CO 2 RR has remained elusive.
Morphological effects of copper nanostructures have a significant effect on the selectivity of CO 2 RR to multi-carbon products [20] [21] [22] [23] [24] . Copper catalysts with different morphologies have been synthesized through annealing, chemical treatments on thin films, colloidal synthesis and electrodeposition from solution 6, 17, 25, 26 . For example, recent work reported selective ethylene production on bromide-promoted copper dendrites with a maximum ethylene FE of 57% (ref.
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Nature Catalysis structures 26 . Furthermore, high-curvature structures, such as nanoneedles, promote nucleation of smaller gas bubbles 27 , and benefit from field-induced reagent concentration [28] [29] [30] [31] [32] , where high local negative electric fields concentrate positively charged cations to help stabilize CO 2 reduction intermediates 33 , enhancing CO 2 RR. However, combining high-curvature morphology with Cu + promotion to enable selective chemical conversion has yet to be explored.
Here we report the electro-redeposition of copper from a solgel precursor. This process enables simultaneous control over morphology and oxidation state. Time-resolved tracking of the copper oxidation state under in situ CO 2 reduction conditions showed the presence of Cu + at highly negative potentials (less than − 1.0 V versus RHE). Electro-redeposition exhibits simultaneous in situ dissolution and redeposition of copper from a sol-gel copper oxychloride, enabling a broad range of nanostructures of varying sharpness to be grown from within the bulk material itself. By using in situ soft X-ray absorption (sXAS) spectroscopy, we tracked over time the reduction of copper, revealing the ratio of copper species under different applied potentials. We find the transition from Cu 2+ to Cu + occurs rapidly (within 5 min) whereas the Cu + to Cu 0 transition is much slower. Surprisingly, 23% of the catalyst existed as Cu + species under a negative applied bias as low as − 1.2 V versus RHE for over an hour of operation. The copper oxychloride solgel slowed the reduction kinetics of copper, stabilizing Cu + at more negative applied potentials. At − 1.2 V versus RHE, the electroredeposited (ERD) copper catalyst exhibited a FE of 54% for C2+ products (ethylene, acetate, ethanol) compared with a FE of 18% for C1 products (carbon monoxide, methane, formate). ERD copper displayed a high ethylene partial current density, within H-cell (22 mA cm -2 at − 1. 
Results
Synthesis and CO 2 RR activity of ERD Cu. We synthesized the solgel copper oxychloride (Cu 2 (OH) 3 Cl) precursor using an epoxide gelation approach to yield a polycrystalline porous material with amorphous regions 34, 35 . Scanning electron microscopy (SEM) micrographs of the surface of Cu 2 (OH) 3 Cl deposited on carbon paper revealed aggregated clusters with 10 nm pores and micrometre void spaces consistent with previous sol-gel reports ( Supplementary  Fig. 1 ) 35 . To form the active catalyst, a constant potential was applied in the presence of CO 2 -saturated 0.1 M KHCO 3 electrolyte to reduce Cu 2 (OH) 3 Cl.
During CO 2 RR, the FE H2 was found to range from 20 to 36% depending on applied potential (Fig. 1a) . The total FE CO2RR was steady at 70% ± 5%. However, the product distribution changed: the major CO 2 RR products were C1 products (CO and formate) at lower potentials; and C2+ products (ethylene, acetate and ethanol) at higher negative potentials. The current densities ranged from 10 to 90 mA cm -2 depending on applied potential (Fig. 1b) . The optimal potential for C2+ products (ethylene, acetate, ethanol and propanol) was − 1.2 V versus RHE ( Supplementary Fig. 2 ) with a peak FE of 52% and C2+ partial current density of 31 mA cm -2 . The FE CO starts at 20% at − 0.7 V versus RHE and decreases to < 1% at − 1.4 V 
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versus RHE concomitant with an increase in FE C2H4 (Fig. 1c) . The maximum FE C2H4 was 38%. It was found that ERD Cu consistently supresses FE CH4 to below 1%.
Structural characterization.
We then sought to increase the absolute production of ethylene using a gas flow-cell electrolyser. Increased CO 2 gas diffusion in these configurations have resulted in absolute partial ethylene current densities as high as 150 mA cm -2 (refs 26, 36 ). A maximum FE C2H4 of 36% at an ethylene partial current of 161 mA cm -2 at − 1.0 V versus RHE was observed with extremely strong methane suppression (FE CH4 < 0.2%) ( Supplementary Fig. 3 ). A plot of ethylene/methane ratio versus partial current density of ethylene ( Fig. 1d) , representative of both selectivity and activity, of various Cu catalysts shows ERD Cu exhibits a partial ethylene current density in H-cell and flow-cell systems of 22 mA cm -2 and 161 mA cm -2 , respectively, with a ethylene/methane ratio of 200. To understand the formation of the catalyst structure, we carried out SEM, dark-field optical microscopy, transmission electron microscopy (TEM), X-ray diffraction (XRD) and scanning Auger microscopy (SAM) experiments to study ERD Cu over the course of reaction. Depending on the applied potential, different structural morphologies emerged. This growth is due to the simultaneous dissolution and redeposition of Cu ions from the bulk of the material (Fig. 2a) . At − 0.7 V versus RHE, rounded nanostructures of approximately 0.5 to 5 μ m in size formed on the surface (Fig. 2b,c) . At − 1.0 V versus RHE, sharper needles approximately 5 to 10 μ m in length formed. At the more negative potential of − 1.2 V versus RHE, sharper nanowhiskers of ~5 to 10 μ m with high length-to-diameter ratios were dominant. Finally, at the highest applied potential of − 1.4 V versus RHE, dendrites with rounded tips appeared. SEM images were taken after the course of at least 1 h of reduction. The structural features were homogeneously dispersed on the surface of the carbon paper substrate ( Supplementary Fig. 4 ).
Dark field microscope images of blue Cu 2 (OH) 3 Cl as deposited on carbon paper showed uniform coverage ( Supplementary  Fig. 5a ). Images taken after 1 h of reaction at − 0.7 V versus RHE and − 1.2 V versus RHE (Fig. 3a,b) show that regions of metallic Cu form on the electrode edges. Microscope images taken of the ERD Cu at − 1.4 V versus RHE show the surface dominated by metallic Cu (Supplementary Fig. 5b ). TEM images of the catalyst before and after reaction (Fig. 3c,d ) reveal the change in the morphology of the material. Before reaction, regions of both polycrystalline and porous disordered material are present in the sol-gel, but after reaction only reduced polycrystalline material remains. XRD spectra were taken of the ERD Cu before and after reaction (Fig. 3e) . The precursor sol-gel was found to have some amorphous regions with broad peaks that correspond primarily to Cu 2 (OH) 3 Cl (ref. 35 ). At an applied potential of − 0.7 V versus RHE all peaks associated with the precursor have disappeared but notably there are peaks corresponding to Cu 2 O and metallic Cu. At more negative potentials, the peaks corresponding to Cu begin to increase while the Cu 2 O peak disappears. Using Scherrer's equation 37 , we calculated the crystallite sizes to be approximately 18, 25 and 57 nm, for the Cu 2 (OH) 3 Cl {004} (ref. 38 ), Cu 2 O {111} (ref. 39 ) and Cu {111} (ref. 40 ) phases, respectively (Supplementary Table 2 ), indicating that the crystal grain size increased with applied negative potential. Additional SEM images were taken at 2, 5, 20 and 40 min of Cu electro-redeposition to study the onset growth of sharp nanostructures at − 1.0 V versus RHE (Fig. 3f) . At 2 min, needle morphologies had begun to form in the sol-gel matrix ( Supplementary Fig. 6 ) and continued to increase in size with respect to time. By 20 min, the needles were fully formed. SAM analysis was performed to determine that the elemental composition of the nanostructures consisted of primarily Cu (Fig. 3g) . A line survey scan ( Supplementary Fig. 7 ) showed the presence of Cu and oxygen in the region that the needles grow from. While we cannot exclude the effects of re-oxidation in air, XRD and SAM results, taken together, reveal the morphological evolution of ERD Cu under applied negative potential.
In situ X-ray spectroscopy and surface characterization. The structural evidence for Cu + prompted us to investigate further the electronic structure of the catalyst during CO 2 RR. We performed in situ sXAS experiments on ERD Cu under CO 2 reduction conditions. Previously, in situ hXAS experiments measuring the metal K-edge were reported for CO 2 RR catalysis 9, 19, 41 . hXAS measurements at the Cu K-edge probe high-energy (9 keV) transitions but do not provide a robust determination of the narrow-band transition metal 3d electronic structure because direct excitation of Cu 1s electrons into 3d orbitals are dipole forbidden. In contrast, sXAS directly measures the dipole-allowed, low-energy (0.93 keV) excitation of a metal 2p electron to the partially filled 3d shell. Thus, lower-energy transitions can be measured with higher spectral resolution, allowing for the acquisition of more feature-rich spectra that show greater contrast with electronic structure changes.
Ex situ sXAS Cu L-edge measurements of reference standards Cu metal, Cu 2 O and CuO were taken ( Fig. 4a and Supplementary  Fig. 8 ). These spectra match well in both peak position and line shape with previously published reports 42, 43 . The Cu L-edge spectra of the Cu 2 (OH) 3 Cl precursor at open-circuit potential shows an L 3 -edge peak at 930.7 eV and an L 2 -edge peak at 950.7 eV, which matches well with CuO, clearly indicating that Cu begins in the + 2 oxidation state ( Supplementary Fig. 9 ). We began by applying a constant potential of 1.13 V versus RHE and measuring the Cu L-edge over the course of 5 min (5 scans × 1 min each) under CO 2 RR conditions. We then applied a more negative constant potential and remeasured the Cu L-edge for another 5 min continuing in a step-wise fashion up to − 1.87 V versus RHE.
The evolution of the Cu L 3 -edge as a function of potential was tracked (Fig. 4a) . We found that at applied potentials more positive than 0.28 V versus RHE, the Cu L-edge exhibits a distinct peak at 931 eV, which is consistent with Cu 2+ (ref.
43
). At 0.28 V versus RHE, we observed that the sXAS spectra changed rapidly between each 1 min scan (Fig. 4b) . We tracked, in real-time, the transition of Cu from Cu 2+ to Cu + as the L 3 -edge peak associated with Cu
2+
at 931 eV decreased while another higher-energy peak around 
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934 eV began to emerge, consistent with an L 3 -edge peak of 933.7 eV for Cu 2 O (ref. 43 ). By observing the change in sXAS spectra with respect to time, we found the structural change of Cu from Cu 2+ to Cu + occurred rapidly within 5 min. At applied potentials more negative than 0.28 V versus RHE, we continued to observe a prominent sharp peak at 933 eV, which is consistent with Cu + . As the potentials approached reducing conditions lower than 0 V versus RHE, the high-energy intensity past the adsorption L 3 -edge increased, characteristic of bulk Cu, and can be explained by transitions into 4s states unhybridized with 3d states 43 . Finally, at the applied potential of − 1.87 V versus RHE, we found that the spectrum matched bulk Cu, indicating a complete transition from Cu + to Cu 0 . There was little variation between scans of the same applied potential, indicating the transition from Cu + to Cu 0 was not as rapid as the Cu 2+ to Cu + transition. To provide a more quantitative analysis of the oxidation state changes during CO 2 RR, we fitted the in situ spectra with a linear combination of the Cu metal, Cu 2 O and CuO standards. A linear combination of the sXAS spectra was fitted to the Cu L 3 -edge spectra taken at 0.43 V, 0.13 V and − 1.87 V versus RHE ( Supplementary Fig. 10 and R 2 values in Supplementary Table 3) . From the linear combination, we calculated the ratio of Cu oxidation species present at each applied potential (Fig. 4d) , assuming the reference measurements provide an accurate representation of the 0, + 1 and + 2 oxidation states. Remarkably, we found that Cu(I) existed even at the negative potential of − 1.47 V versus RHE under CO 2 RR conditions. We tracked the change, over time and under applied bias (required for ethylene production (− 1.2 V versus RHE), to determine the Cu species present during reaction (Fig. 4c) . After 2 min, the majority of Cu (84%) was in the Cu + oxidation state (Fig. 4e) . After a further 10 min, this had decreased to 77%. The decrease of 7% of Cu + over 10 min is consistent with the potential-dependent in situ data, which reveal that the transition between Cu 2+ and Cu + is a rapid one, while the transition between Cu + and Cu 0 is much slower. After 1 h under applied potential of − 1.2 V versus RHE, 23% of Cu + remained. In situ hXAS experiments also showed a more oxidized Cu species on ERD Cu after 1 h of operation compared with Cu foil (Supplementary Fig. 11 ). These results show that Cu + may be stabilized under an applied potential of − 1.2 V versus RHE for over 1 h. Two-dimensional contour maps of the Cu L α,β fluorescence intensity (Fig. 4f,g ) revealed that the Cu signal is dispersed throughout the sample area before reaction. After reduction, localized regions of higher intensity appear; suggesting Cu aggregation. Because halides are known to impact CO 2 RR, X-ray photoelectron spectropscopy (XPS) was performed to study the presence of chlorine on the surface of the catalyst. XPS results (Supplementary Fig. 12) showed that no chlorine remained on the surface of the sample after reaction. Furthermore, the oxygen intensity also decreased substantially after reaction, indicating the reduction of CuO. The change in the Cu 2p peak is most indicative of reaction: before reaction, a sharp chemical shift is observed typical of a copper hydroxide species like Cu 2 (OH) 3 Nature Catalysis difficult to distinguish between Cu 2 O and metallic Cu (refs 45, 46 ). These results, taken together with the sXAS measurements, provide evidence for the presence of Cu + in ERD Cu during CO 2 RR.
Investigating structure-property relationships. To explore further structure-property relationships, we examined the role of morphology and oxidation state in the catalytic performance of ERD Cu. First, we synthesized a dendritic Cu catalyst via electrodeposition 47 that exhibits a highly porous structure with nanoneedles of high curvature as a control sample representative of a Cu catalyst with sharp morphologies but with no Cu + present. SEM images show that the high-curvature morphology of the Cu nanoneedles remained consistent before and after reaction at − 1.2 V versus RHE for over an hour ( Supplementary Fig. 13a-d) . This electrode was synthesized using a copper chloride deposition solution onto carbon paper, using the same Cu precursor as ERD Cu.
We then performed electrocatalytic experiments to determine the CO 2 RR activity of the Cu nanoneedle control. Major products for the Cu nanoneedles were hydrogen and formate ( Supplementary  Fig. 14a ). The majority of products were C1; there was no applied potential at which FE C2+ exceeded FE C1 (Supplementary Fig. 14b ). Cu nanoneedles performed considerably worse in ethylene selectivity with a max FE C2H4 of only 14%, but retained a relatively low FE CH4 of 4% (Supplementary Fig. 14d ). Despite the decreased selectivity, the current densities of Cu nanoneedles remained similarly high to ERD Cu (Supplementary Fig. 14c ). We propose that the highcurvature morphology is responsible for the enhancement in catalytic rate, leading to increased current densities and high local pH.
To provide mechanistic insights into the selectivity of ERD Cu, we used DFT calculations to explore the production of C 2 H 4 versus CH 4 . Previous mechanistic studies revealed that the reaction pathways for CH 4 and C 2 H 4 differ at the bound CO* intermediate [48] [49] [50] [51] .
Hydrogenation of bound CO* to form bound COH* leads towards the formation of methane while the dimerization of two bound CO* intermediates leads to the formation of ethylene (Fig. 5a ). Another recent study showed that the interface between surface Cu + and Cu 0 stabilizes CO-CO dimerization while impeding C1 pathways. This stabilization is due to the electrostatic attraction between oppositely charged carbon atoms induced by the Cu + and Cu 0 interface, promoting C-C coupling 52 . We therefore concentrate on the Gibbs free energy of formation for COH* and OCCOH* as descriptors for methane formation and CO-CO dimerization to ethylene 53 . We began by constructing Cu(111) and Cu(211) slabs as model systems of flat and high-curvature Cu surfaces, respectively. To model ERD Cu, we constructed a mixed Cu:Cu 2 O slab with 25% Cu + species, closely matching the optimal amount of Cu + determined from sXAS studies. The ERD Cu(111) and ERD Cu(211) slabs serve as model systems for flat and high-curvature ERD Cu surfaces, respectively 28 . It was found that the Gibbs free energy of formation of the OCCOH* intermediate was lowest (1.13 eV) on the ERD Cu(211) system, 0.76 eV lower than the Cu(211) system, suggesting the presence of Cu + is favourable for ethylene production (Fig. 5b) . The only surface where the formation of COH* was favoured was on Cu(111). ERD Cu(211) also exhibited the strongest CO binding with a binding energy of − 1.45 eV (Fig. 5c and Supplementary Table 6 ). Interestingly, DFT calculations also suggested that CH 4 is more favourable on ERD Cu than bulk Cu. However, experimentally, we observe severe methane suppression, which suggests that methane suppression cannot be explained fully by thermodynamic effects alone. Rather, methane suppression can be rationalized by the morphology-induced high current densities, which results in high local pH and unfavourable kinetics for CO hydrogenation to COH*. These DFT results suggest that Cu + plays a crucial role in stabilizing the OCCOH* intermediate, shifting the Nature Catalysis reaction towards C2 rather than C1 products, and is consistent with experimental observations of ERD Cu.
Discussion
In this study, we present electro-redeposition to realize stabilization of Cu + species and optimal morphologies for highly active ethylene production. We found, using in situ sXAS, that the ERD Cu promoted the stability of Cu + species at negative potentials far lower than previously reported for up to one hour of reaction. In situ sXAS is experimentally challenging due to the requirement of an ultra-high vacuum environment, and the in situ soft XAS measurements of CO 2 reduction electrocatalysts in this study were enabled only by advanced reaction cells.
We found a catalytic trend where sharper structures with highercurvature surfaces favour C2+ production. It has been shown previously that sharp tips can improve bubble nucleation, concentrate stabilizing cations and exhibit high local fields, all of which increase current densities [27] [28] [29] [30] . This high current density also promotes high local pH, limiting the protonation of bound CO that leads to methane formation 54 . ERD Cu exhibited almost no methane and low carbon monoxide production at the optimal ethylene production potential, highlighting the selectivity of ERD Cu for C2 over C1 gas products. Recent atomistic mechanistic studies have shown that C2 versus C1 selectivity is highly dependent on pH and adsorbed surface water 50, 55 . The CO dimerization is the preferred pathway at high pH because hydrogenation of bound CO is kinetically limited. Local pH on the electrode surface is > 11 when total current densities reach above 20 mA cm −2 due to the rapid consumption of protons 27 . Comparison with Cu nanoneedle controls suggest that the sharp morphology of ERD Cu primarily increases the current density. ERD Cu shows extremely high current densities (60 mA cm −2 in H-cell, 450 mA cm
in flow cell), and consequently a high local pH. Thus, methane suppression is likely enabled by the high local pH provided by ERD Cu.
In studies of Cu + catalytic enhancement, DFT shows CO binding is stronger on ERD Cu, providing a greater probability of bound CO to interact and dimerize. Simulations also provide evidence that Cu + stabilizes the OCCOH* intermediate along the ethylene pathway, favouring the electrosynthesis of C2 products.
In summary, we present ERD Cu as a means to control morphology and oxidation state to suppress methane production and increase ethylene production. We investigated the electronic structure of ERD Cu using in situ sXAS under CO 2 RR conditions and varying applied potentials with time resolution to reveal the presence of Cu + at highly negative reducing potentials. A correlation between C2+ selectivity, morphology and oxidation state is elucidated whereby sharp features kinetically limit methane formation through local pH effects while the presence of Cu + stabilizes ethylene intermediates. The result is an ethylene partial current density of 161 mA cm −2 at − 1.0 V versus RHE with an ethylene/methane ratio of 200. This study presents electro-redeposition as an unexplored materials strategy to exploit electronic and morphological effects for increased activity and selectivity of CO 2 reduction catalysts.
Methods
DFT calculations. DFT calculations were performed with the Vienna Ab initio Simulation Package (VASP) 56 . Full details are in the Supplementary Information.
Synthesis of ERD Cu and Cu nanoneedle catalysts.
The sol-gel precursor was prepared using an epoxide gelation synthesis (further details are in the Supplmentary Information) 34, 35 . The active catalyst was then formed by reducing the sol-gel at a specific applied potential in CO 2 saturated 0.1 M KHCO 3 electrolyte (pH 7.2). The colour of the catalyst began to change from blue to black within 5 min and was completely black by 10 min regardless of potential applied, resulting in the active ERD Cu catalyst. The Cu nanoneedle catalysts were synthesized following a modified procedure 47 . Cu nanoneedles were electrodeposited on carbon paper from a deposition solution of 0.15 M CuCl 2 in 0.5 M HCl using an applied potential of − 0.7 V versus Ag/AgCl for 1,000 s.
In situ X-ray absorption. X-ray absorption measurements at the Cu L-edge and K-edge were performed at the spherical grating monochromator beamline 11ID-1 and soft X-ray microcharacterization beamline at the Canadian Light Source. All in situ fluorescence yield mode measurements were performed using a custom flow cell with the catalyst immersed in CO 2 saturated 0.1 M KHCO 3 electrolyte at open-circuit potential for at least 30 min before applying a potential. The window of the sample cells was mounted at an angle of roughly 45° with respect to both the incident beam and the detectors. The bodies of the sample cells were fabricated on an SLA NEXT 3D printer. Silicon nitride membrane windows (1 mm × 1 mm × 100 nm) in Si frames (5 mm × 5 mm × 525 μ m) were purchased from SPI Supplies. Catalyst ink (20 μ L) was drop-casted onto the windows and allowed to dry in air. For electrochemical flow cells, the windows were treated by HF, and then coated by electron-beam evaporated titanium (10 nm) and gold (30 nm), which served as the working electrode. Silver and platinum wires were used as reference and counter electrodes, respectively. The calibration of Ag wire reference electrode was conducted in the standard three-electrode system (the same system as that for performance measurements) as reference electrodes, using Pt foil as working and counter electrodes. The 0.5 M H 2 SO 4 electrolyte (pH = 0.3) was pre-purged with Grade 4 H 2 overnight and continuously bubbled with H 2 with a flow rate of 25 ml min −1 during calibrations. Linear sweep voltammetry (LSV) was run around ± 100 mV between hydrogen evolution and oxidation, and the potential of zero current was recorded. The potential of zero current was around 0.2198 V (including pH correction of 0.3 × 0.0591 = 0.0177 V) for Ag/AgCl electrode and 0.3306 V (including pH correction) for Ag wire electrode, resulting in a calibration of E Ag/AgCl(KCl, sat) + 0.1108 V = E Ag wire , which is the same as the previous reported value 57 . The windows were then screwed onto the cell forming an air-tight electrolyte chamber of ∼ 1 mm height.
All measurements were made at room temperature in the fluorescence mode using Amptek silicon drift detectors (SDDs) with an energy resolution of approximately 120 eV. Four SDDs were employed simultaneously. The scanning time was 1 min and repeated five times. The sample measurement spot was moved 0.1 mm between measurements at different applied potentials to minimize the effect of the X-ray beam on the sample. The scanning energy range of the Cu L-edge was from 920 to 960 eV. The partial fluorescence yield was extracted from all SDDs by summation of the corresponding Cu L-emission lines.
To determine the concentration of different Cu species, the XAS spectra of Cu standards (Cu, Cu 2 O and CuO, representing the 0, 1+ and 2+ oxidation states of Cu, respectively) were measured. Each in situ XAS measurement was then decomposed into a linear combination of these three Cu standards with a simple linear least squares script written in MATLAB. An R 2 value was obtained as a metric for the quality of the fitting. To determine the magnitude of each species' 
